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FOREWORD

This is the final report on the third phase of a study on man-computer boost
guidance techniques. The research wag sponsored by the Advanced Systems
Office, Astrionics Laboratory, Marshall Space Flight Center, under Contract
No. NAS 8-20023. The research was performed by the Systems and Research
Division of Honeywell Inc. at facilities in Minneapolis, Minnesota. Mr. J, F.
Pavlick of MSFC was the contract monitor for the study. Project personnel
were Dr. J. D. Gilchrist, principal investigator, P. A. Anderson, and W. J.
Eckart. The report covers work extending from 1“March 1967-to 31°August
1967.”

The report is in two parts. Part |, prepared by J. D. Gilchrist and P. A.
Anderson, includes the theory, results of computer experiments, and con-
clusions. Part II provides descriptions, listings, and flow diagrams of com-
puter programs developed during the study and was prepared by W. J. Eckart.
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1.1

SECTION 1
INTRODUCTION

This section includes a general statement of the problem, some background on
the objectives and results of the two previous related phases of study (Refs. 8
and 3), and finally an outline of the objectives of the Phase III study.

Phase III is the final phase of a study effortwhose goal is the development of
minimum computation and display requirements which will allow full utilization
of the capabilities of a human pilot to guide a launch vehicle during the ascent
phase.

STATEMENT OF THE PROBLEM ‘

) 3 N ..
The general problem considered intcpis study 1,£ the development of the minimum
computational and display requirements which will allow the full utilization of a
human pilot’s capabilities to perform the boost guidance function in an efficient

and near-optimal manner.

Previous investigations (e.g. , Refs. 9 and 10), have been conducted to define
pilot ability to control vehicle attitude about a nominal trajectory. Steering

the vehicle back to the nominal after large deviations, however, may not always
be the most efficient or optimum way of guiding the vehicle to the desired target
conditions.

Present implementations of automatic guidance schemes involve complex equa-
tions or complex iteration procedures to arrive at guidance commands which
generate optimal trajectories. Generally, the result is that only the nominal
trajectory is programmed in the vehicle computer. Deviations from the nominal

12513-FR3-1
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trajectory can result from sensor or processing electronics failures, data noise,
and mechanical failures. Redundant components, adaptive guidance schemes, and
adaptive self-optimizing control systems are some of the measures used in auto-
matic guidance and control systems to ensure fulfillment of mission objectives,
but these have corresponding penalties in system weight, cost and complexity.

The possibility of manned launch vehicles with significant aerodynamic capabil-
ities opens the question of the desirable division of navigation, guidance and
control functions between the flight crew and automatic systems. A vital part
of the answer depends on the information which defines the degree to which
automatic equipment can be simplified by the inclusion of man in the guidance
and control loop and still accomplish these functions in a near optimal manner.
Information is required for manual optimal guidance schemes which determines
the interrelationship of the computational and display requirements with pilot
task loading.

BACKGROUND

This third and final phase of the study to determine the minimum computational
and display requirements for near-optimal guidance of an aerodynamic launch
vehicle by a human pilot is based on results of the two previous phases (Refs.
8 and 3). The study vehicle used in all three phases of study is the Reusable
Orbital Transport (ROT), a two-stage vehicle which uses a horizontal takeoff
and develops considerable aerodynamic lift in the first stage. See section 3. 3
for a complete description of the study vehicle.

The first phase (Ref. 8) was concerned with the determination of the boost-
phase fuel-optimal guidance function. In that phase, various trajectory opti-
mization methods were studied, with particular emphasis placed on the simpli-
fication of these methods by the use of man in the iterative computation loop.
The results of that phase indicated that the optimization method based on results

3 12513-FR3-1
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from the calculus of variations could be used in a manual optimal guidance
scheme. A preliminary system, the Predictive Model Guidance Scheme, was
defined, stating propcsed displays, computing method, and man's role in the
proposed system.

The Predictive Model Guidance Scheme (PMGS) was the subject of the second
phase (Ref. 3). The objective of the second phase of study was to provide
analyses and simulation to further define the applicability and capability of
manual determination of an optimal flight path for a launch vehicle. In the
second phase, the pilot's role and the displays required for efficient imple-
mentation of the PMGS were determined. A manual Nominal Guidance Scheme
(NGS) was also developed to be used as a basis for comparing the PMGS. The
final outcome of the second phase was the definition of a manual guidance
scheme for both stages of the boost phase which gave good injection accuracy,
low pilot work load, minimum fuel requirements, mission flexibility, and
minimum computational and display requirements.

OBJECTIVES

The main objective of Phase III of the study was to provide analyses which
further determined the applicability and capability of manual determination
and control of an optimal flight path for the study vehicle (ROT). In detail,
the objectives were to:

(1) Extend the previously developed vehicle two-dimensional simu-
lation model of the point-mass motion to the three-dimensional
case. The two earlier phases used a two-dimensional simulation
model.

12513-FR3-1



(2) Incorporate the selected nominal and predictive guidance schemes in
this three-dimensional simulation. The second phase recommended
using the nominal guidance scheme during first stage and the pre-
dictive model scheme during second stage. These two schemes,
developed for the planar case, were to be extended to the three-
dimensional case.

(3) Define the required displays for each guidance scheme. The final
display formats were to be chosen on the basis of:

(a) Minimizing operator task loading

(b) Optimizing total guidance system performance in terms of
minimizing fuel requirements and orbit injection errors

(c) Minimizing system hardware complexity

(4) Measure operator workload using two types of concomitant tasks,
loading and subsidiary. The loading task is force paced and is
primary to the guidance task. The subsidiary task is self-paced
and is secondary to the guidance task. These two measurements
must be made with a man-in-the-loop simulation. The results
are to be used to evaluate display formats as well as to establish
the reserve capacity of the operator while performing the guidance
function.

(5) Evaluate different mathematical models for the predictive guidance
scheme and choose one model on the basis of minimizing the com-
puter requirements and operator work load.

(6) Analyze the tradeoff factors for each guidance scheme. Emphasis
was placed on minimizing the computer requirements and operator
task loading. From the results of Phase II, the predictive model
scheme is more accurate and yields alower operator work load than
the nominal guidance scheme. The computation requirements,
however, are higher than for the nominal scheme,

12513-FR3-1
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(7) Select and recommend a single manual optimal guidance scheme incor-
porating a minimum of computation and display requirements. Specify

the guidance scheme in terms of:

(a) Computational requirements
(b) Display requirements

(c) Navigational requirements

(8) Recommend new hardware development programs, if any, required
for efficient implementation of the recommended manual guidance
scheme.

(9) Recommend further studies needed on the basis of the results of the
present study,

A real-time man-computer-display simulation of the guidance schemes was
required in this study to fulfill the study objectives. A hybrid computing
facility was used; the simulation of the point-mass vehicle dynamics was
performed on the digital computer due to the nonlinearity of the equations
and the large range of the variables. Manual control of the vehicle simula-
tion was achieved with the analog computer. Figure 1-1 shows the. simula-
tion facility.

To facilitate future statistical analysis of the results obtained in this study,

the data from 120 runs were recorded on magnetic tape. This represents
a total of approximately 12 hours of man-in-the-loop hybrid simulation.

12513-FR3-1
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Figure 1-1. Man-Computer Display Simulation System
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2.1

SECTION 2
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

To provide sufficient background on the total study, this section includes
a summary, conclusions and recommendations of the two previous phases
as well as of Phase III. Thus, the objectives and results of the over-all
study are presented here.

PHASE I

The approach followed in the first phase (Ref. 8) was to take existing
trajectory optimization methods, define displays which would permit man
to participate effectively in the computation loop, and evaluate the relative
performance of each method by numerical experiment. The existing
optimization techniques studied were: (1)the indirect method and (2) the
direct method. The use of these terms is by no means universal; however,
the distinguishing characteristics of each, as well as other approaches
studied, are presented in Table 2-1.

The indirect method consists of using theory from the calculus of variations
to convert the original problem of finding a fuel-optimal steering angle to
the two-point boundary value problem. The two-point boundary value
problem consists of finding initial conditions (optimization parameters) on
the adjoint or auxiliary variables so that the desired terminal conditions on
the trajectory are satisfied., The direct method attacks the problem of
finding the optimal steering angle directly. An initial guess is made for the
steering-angle time history, and this initial guess is then modified in an
iterative fashion until the optimal steering-angle time history is determined.

12513-FR3-1



Table 2-1. Comparison of Methods for Predicting Trajectories

Guidelines for Study:

Guidance scheme capable of handling large parameter \]
variations and large disturbances

Attempt a fuel-optimal scheme

Use man's capabilities

Imply a man-computer -display system preferably not using perturbation

type guidance schemes

J
Method
Propertes Indirect : Direct Simplified Direct Simplified Indireca
Iteration required to Yes Yes Yes No
obtain solution
Relative complexity fow Aledium Low Low

of computations

Characteristic
Feawre

TPBY problem

Steepes: descent Can specify control
function using various

types of parameters

Combination of two
simpler problems

Quantity to choose

Inirial conditions on
auxiliary variables

Conrrol function Parameters describing

control function

Choose attitude as s
gested by solution to two
simplf problems

Relaiive storage
requirement

Low

High None

Low

Man's task in iteration

Choose I.C, on
auxiliary variables

Choose step size Choose parameters for

control function

Non-iterative

Undesirable featwtres

jectory to smaill per-
turbations in iuxiliars
variable inital con-
ditions

7| Does not generate an

at the minumum optimal traectory

Based on knowledge of
nominal trajectory

Desirable features

Relative simplicity

Judgment and prior
knowledge can be used
to best advantage

e Judgment and prior
knowledge can be used
to best advantage

m Man's task becomes
easier as flight ume

Relative simplicity

increases
Optimum trajectory Yes Yes No Near optimal for optimal
and small disturbances
Does method lend it- Yes No Yes Closed-loop non-
self to a closed-loop {to0 complicated) oredictive
predictive guidance
scheme"
Studied during research | Yes Yes Yes Yes

program?

Information require-
ments

Vehicle stale variables,
V, h, ¥

Angle of attack, state
variables V. h,y

Target errors

Vehicle state variables
V,hyy

Can method handle
acceleration con-
straints?

Yes

Yes Yes

Yes

) 12513-FR3-I




To implement the indirect method for manual iteration, it was found that a
two-dimensional display of altitude versus velocity for the trial solution was
adequate, although the addition of flight-path angle was helpful when the
solution approached orbit injection conditions. This is because flight-path
angle must be zero at injection. This was based on results obtained for a
planar model. Figure 2-1 shows the manual iteration procedure for the
indirect method. The most difficult task Is finding an initial guess for

the two optimization parameters which results in a physically realistic
trajectory. Once this occurs, however, manual iteration presents no
difficulties. In this process, it appears that man uses the characteristic
shape of the optimal trajectory to aid in his guesses, rather than just the
error at the cutoff condition.

Therefore, a display of the entire predicted trajectory conveys more
information than does the terminal error alone. Further investigation
involving man in a real-time simulation was needed,

Implementation of the direct method required no displays since the steepest-
descent technique is essentially automatic, Man's task consists of varying
the size of the step in the descent procedure to avoid oscillations of the
solution about the minimum. This task was found to be difficult near the
minimum point (the guidance function which minimizes the cost function)
because of a mathematical singularity at the minimum, For this reason,
the direct method using steepest descent was eliminated from consideration
for an onboard manual guidance scheme.

Because of the problems with the steepest-descent direct method, a simplified
direct method was devised. It was assumed that the control function could

be presented in time by a succession of straight lines. For example, if
vehicle attitude is the control variable, the linear segments represent flight

at different constant-attitude rates. The "corners™ of these control functions
can be adjusted by man to hit the target (see Figure 2-2). Although this method

12513-FR3-I
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Figure 2-1. Block Diagram of Indirect Method, Manual lteration
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V, h vy
DISPLAY OF TRIAL
COMPUTER a(t) AND RESULTING
TRAJECTORY
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COF TRIAL CONTROL FUNCTION
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Figure 2-2. Block Diagram of Simplified Direct Method,
Manual Iteration
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Is not strictly optimal, by proper choice of the number of corners, near-optimum
performance can be achieved. For example, in an experiment using an angle-of-
attack steering program consisting of three straight-line segments, the

resulting penalty in vehicle weight at second-stage cutoff was 1.5 percent.

The approximation to the continuous optimal control, and hence the
performance, improves with the number of corners, but man's ability to make
corrections degrades as the number of variables to adjust increases. Thus,
there is a tradeoff between performance and the complexity of the manual
task. This appears to be a feasible approach for manual guidance, but
further investigation was required.

Analytical investigations of the atmospheric portion of the optimal solution
resulted in these conclusions:

o The major portion of the optimal path in the atmosphere consists
of a "basic™ path, uniquely defined in the altitude-velocity plane,
with thrust as a parameter, This path is independent of initial
conditions, the remaining portion of the trajectory being a
transition path to put the vehicle on this path after takeoff (see
Figure 2-3).

o  The transition path of "climbout" should be as low as possible,
consistent with a smooth transition to the basic h-versus-V path,
to achieve maximum vehicle performance.

e The basic atmospheric path, in addition to being a minimum-time
trajectory also maximizes the power excess (available power minus
power required to offset drag) for constant value of the energy height.

h = h + ———
e

12513-1"R3-1
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° The control required to keep the vehicle on the basic path can easily
be calculated. The control required to perform the transition needed
further study.

° The attitude of the vehicle for the basic path is very nearly constant.

h Y STAGING

TRANS,TION} fe— BASIC PATH
f/,

-

Vv

Figure 2-3, Elements of Optimal Atmospheric Path

A perturbation model was defined for the ROT vehicle, and sensitivity of the
optimal-control and trajectory to the perturbations was determined to aid in
eventually defining computer and display requirements. The results of the
sensitivity study show that the deviation from the nominal due to perturbations
is minor, particularly in the first stage. Consequently, it was recommended
that some consideration be given to manual guidance about a nominal in the
first stage. Other studies have investigated such a scheme only for non-
atmospheric flight and with only moderate success (Refs 9 and 10). Based on
the results of those studies, as well as this one, the primary consideration in the
second stage should be accuracy, with little performance loss occurring for
suboptimal schemes, whereas payload appears more critically affected by the
first-stage guidance.
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From the results of the firstphase of this study, the following conclusions
were made regarding onboard manual guidance concepts:

o Between the direct steepest-descent and indirect optimization
methods, the indirect method is the most promising as the basis of
a closed-loop scheme since the steepest-descent method requires
a larger computer than the indirect method and does not converge
well in the vicinity of the optimum trajectory. In the closed-loop
scheme, two parameters are continually updated from a display
of a faster-than-real-time prediction of the trajectory,,

o For man to be effective in this closed-loop scheme, the time
interval between predictions must be fairly small, on the order
of 1second, This can be achieved with a simpler model, but
performance will then be somewhat degraded; thus, a computation
complexity/vehicle performance tradeoff is involved.

0 The feasibility of this approach was established by simulation of
asimple example of a second-order system. By slowly varying
the initial state to simulate disturbances, the ability of a man to
track the optimal solution was demonstrated,,

o  Other simplified closed-loop schemes have been defined for both first
and second stages. These schemes are suboptimal but have
considerably less computation and display requirements than the
optimal prediction method described above. Further investigation
will establish which combination of simplified methods are best
for the ROT boost phase.

12513-FR3-1
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2.2 PHASEII

Based on the conclusions and recommendations of Phase I,.two manual optimal
schemes, the Predictive Model Guidance Scheme (PMGS) and the Nominal
Guidance Scheme (NGS) were defined for the ROT vehicle and were successfully
simulated on a real-time basis with a pilot actively engaged in the guidance
function (Ref. 3), After analysis and careful evaluation of the results from
Phase I, the PMGS was simulated for second-stage guidance only, This
decision was based on the following reasons:

e The sensitivity of the desired terminal conditions to the optimization
parameters increases as the required flight time increases; thus,
if the PMGS is used for both stages, five significant figures are
required on the optimization parameters during the first stage.
Only three-figure accuracy is required during the second stage.

o The fast-time model required in the first stage to account for the
aerodynamic - effects is more complex than for the vacuum phase.
The effectiveness of the predictive model scheme decreases as the
fast-time solution rate decreases. Also, this solution rate must
necessarily 'decrease as the fast-time predictive model complexity
increases,

o In the first phase of study (Ref,8), it was determined that the fuel-
optimal path in the atmosphere consists of a ""basic’ path, uniquely
defined in the altitude-velocity plane, with thrust as a parameter.
This path is independent of initial conditions, the remaining portion
of the trajectory being a transition path to put the vehicle on this
path after takeoff or after some disturbance, In view of this, an
optimal nominal trajectory is close to an optimal trajectory for
other conditions since all optimal trajectories have a portion of
this ""basic™ path in common.

12513-FR3-I
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In summary, sensitivity and predictive model complexity are degrading
characteristics of the predictive model scheme during the first stage. A
nominal guidance scheme, however, is particularly well suited to the
atmospheric phase due to the "*basic' path features and the reduced

computation requirements.

As the result of a successful simulation of the Predictive Model Guidance
Scheme for second-stage guidance, the following conclusions were reached:

(0]

A human operator IS effective in the manual scheme with a fast-time
solution rate of one per second.

A meter-type display of the predicted terminal errors in altitude
and flight-path angle during the terminal phase of boost is a
definite requirement to obtain the desired accuracy in the terminal
conditions unless scale changes are incorporated in the CRT
display.

A two-dimensional display of the predicted trajectory in the
altitude-velocity plane is useful to the pilot for the iterative task
of "shaping' or synthesizing the predicted trajectory. After the
trajectory has the proper shape, the meter display is required to
yield the desired accuracy in the terminal conditions.

Only two optimization parameters are required by the pilot to
steer the planar vehicle model to the desired terminal conditions.

From the experience gained in experimenting with the scheme, it is
concluded that the work load is a function of the mission time,

The work load is moderate initially, then decreases to zero, and
finally, towards cutoff conditions, increases again. This area
needed further investigation.

12513-FR3-1
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0 The amount of operator training required for efficient operation of
the manual guidance scheme is low.,

Study of the NGS was undertaken for purposes of comparison with the PMGS.
On the basis of simulation, the following conclusions were reached:

° The NGS was used for guidance of both stages. The altitude-versus
altitude-rate display format was recommended on the basis of
minimizing the operator work load and minimizing terminal errors.
This display evaluation needed further work if the NGS is used only
for the first stage, Typical errors at staging are 4100 feet for
altitude, 0.2 degree for flight-path angle, and 21 ft/sec for velocity,

o A display of the predicted state, based on derivative information of
the present state, was used in the study. Experience indicates that
the predicted-state display is not required if the present state remains
on the nominal trajectory. If the present-state, display is off the
nominal, the predicted-state display is useful to the pilot in steering
back to the nominal. It was concluded that the predicted-state
display is not absolutely essential for the nominal guidance scheme,

o In addition to a display of the nominal trajectory along with the
vehicle's present state, a meter-type presentation of the present
state is a definite requirement for the terminal phase of the mission,
The use of the meter presentation of the present state results in an
improvement in the terminal error by almost an order of magnitude,,
The meter presentation of body attitude is useful throughout the
flight, whereas the remaining information of the present state is
useful towards the end of the flight.

12513-FR3-1
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o The display requirements have been determined during this study.
The actual implementation of these displays required further study.
Possibilities include a continuous cathode-ray-tube (CRT) presentation
of the nominal along with the present state and a CRT presentation
of the present state and a plastic overlay display of the nominal
trajectory.

o  The effects of random disturbances due to winds are negligible
on the pilot's ability to manually steer the vehicle along a nominal
trajectory, The effects would not be negligible with the inclusion
of rotational dynamics to the model.

The NGS and PMGS were compared on the basis of:

o} Accuracy

o) Pilot work load

0 Mission flexibility

o Fuel requirements

o Display requirements

o Computational requirements
) Training requirements

0 Pilotts role

Table 2-2 summarizes the comparison of the NGS with the PMGS. The

PMGS is accurate, flexible, fuel-optimal, and the pilot work load is low.

The computer and display requirements are moderate. On the other hand,

the NGS is simple, has basically no computer requirements, and the display
requirements are low. These low computation and display requirements assume
there are no requirements for display of the nominal trajectory. The NGS,

12513-FR3-1
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however, isless accurate than the PMGS; it is not flexible; it is not
fuel-optimal if large disturbances are present; and the pilot work load

IS higher than that of the PMGS. Thus, the basic tradeoff between the
two schemes is between an accurate, fuel-optimal, flexible low-work load
scheme and a manual guidance scheme which is simple and which has low
computer and display requirements.

Typical terminal errors with the PMGS were 1700 feet in altitude and 0.007
degree in flight-path angle. The corresponding errors with the NGS were
2200 feet and 0. 17 degree.

This phase of study recommended that the NGS be used for first-stage
guidance and the PMGS for second-stage guidance. To further evaluate
these schemes, it was recommended that the simulation model be extended
to the three-dimensional case. Further work was required on evaluating
display formats for each stage on the basis of minimizing operator task
loading, terminal errors, and system hardware complexity.

PHASE III

A three-dimensional, spherical earth model for the ROT vehicle was simulated

as part of Phase III of this contract. As recommended in Phase II, the
Nominal Guidance Scheme (NGS)was used as first-stage guidance, with
second-stage guidance being the Predictive Model Guidance Scheme (PMGS).

Operator task loading (work load) was evaluated by two methods; the first

used guidance as the primary task (subsidiary task method), and the second
used guidance as the secondary task (loading task method).
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Major objectives of the Phase III study were to choose an optimal display for
each stage and to analyze the tradeoffs between computational requirements

and pilot work load. (Previous evaluation of the displays and guidance schemes
was conducted under the assumption of a two-dimensional, non-rotating earth).
As a result of a successful simulation and demonstration of the feasibility

of the proposed manual guidance schemes, the following conclusions and
recommendations are presented.

® The feasibility of the two guidance schemes developed under a
planar, non-rotating earth model was successfully demonstrated
using a more realistic spherical earth, rotating earth model.
Automatic lateral guidance was employed to hold the vehicle in
the launch plane;

° The optimal display format was found to be altitude versus velocity
(h versus V) €orboth stages. When compared with displays of
altitude versus altitude rate and altitude versus flight-path angle,
this display minimized the operator task loading, using the subsidiary
task method in which guidance is the primary task for evaluation
of work load. This display of h versus V also gave the best performance
in terms of altitude and flight-path-angle errors at orbital injection.
Work-load measurement using the method of Task Loading in which
guidance is the secondary task €or evaluating the displays gave
inconclusive results due to an insufficient amount of data. With
sufficient data, the displays could possibly be differentiated on the
basis of unused information handling capacity of the operator. The
display yielding the maximum unused capacity would be the best display
format.
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The subsidiary task method (guidancetask is primary) of work-load
evaluation provided a quantitative measurement of the critical times
(high pilot involvement) during the flight. This measurement
resulted in a time history of pilot work load (see Figure 3-12). The
loading method of measurement indicated the operator has at least
4. 75 bits per second of unused information-handling capacity

while adequately performing the guidance function.

Evaluation of the fast-time portion of PMGS was conducted using
three mathematical models (see Table 3-3.) These models varied
in accuracy depending on the numerical integration scheme used and
the approximation to the real vehicle. Model II (i. e., trapezoidal
integration and spherical earth gravity calculation) is the obvious
choice because it retains its accuracy down to a very low number of
steps required for integration to form the predicted trajectory.

This model also significantly reduces pilot work load as seen in
Figure 3-16, (The display formats were evaluated with Model 1.)

Evaluation of both the PMGS and the NGS was conducted using actual
data for computer/display requirements and work load (see Tables
3-4 and 3-5). The conclusions from Phase II of this contract were
validated (i. e,, use of NGS for the first stage and PMGS for the
second stage). Required hardware is:

(1) Computer -- memory - 1045 24-bit words
solution time 834 ms - PMGS
535 ms - NGS

(2) Display -- standard analog-driven CRT

(3) Navigation and Control -- same as Saturn V

12513-FR3-1
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e No new hardware is required over the current Saturn V state-of-the
art to implement the NGS for the first stage and the PMGS for the
second stage. However, due to the advantages of an integrated,
multi-format display concept for future spacecraft, it is recommended
that a new program be initiated to continue development of a computer-
driven solid-state display device such as EL.

a No major further studies are required to demonstrate the feasibility
of the proposed manual guidance schemes. Certain human factors
studies are recommended, however, to maximize the effectiveness
of man®s role in the guidance and contro] of future spacecraft. Some
specific recommended studies are included in section 5.1.

a In light of the excellent results from Honeywell's fixed-base
simulation of manual guidance, it is recommended that the proposed
NGS and PMGS be evaluated under more realistic conditions, such
as moving-base simulation using trained astronauts or possibly a
test flight on a Saturn launch vehicle. The manual guidance schemes
are completely compatible with Saturn hardware, with only the addition
of a display and reprogramming of the onboard digital computer
required to implement the manual system.

Because of the current interest in the comparison between manual and automatic
guidance and control, the characteristics of an automatic guidance scheme--

i. e, , Iterative Guidance Scheme (IGS) of Saturn V-- are included when
comparing the manual schemes. Table 2-3 summarizes the characteristics

of the IGS, PMGS, and NGS. A rating summary is also included in Figure

2-4, based only on the characteristics investigated during the three phases

of this contract,

12513-FR3-I

Fws



- 24 -

doads oidue yed- iy (puwao;
JOJIO IPRILI[E TRUILIIS)

Il 95 EYd WOl DIIEUILIST

n
>

"
el

‘nqao jo ino Sy Joj paxinbaa suoileinores o1 anp
SpIoM Q£G1 Uyl JoAdR] gonw S1 AJowewr J91ndwWiod A UINIES TENIOR Sy T

S1°1 =1d
Sw gge
. Bl = 3W1} UolInjog
QLI = | & -
(PrROTYION _ N | spaom (tenuepy)
. .30¢ odeaaAy) W 002z = | U (poainboa 1y D) 626 = ATowrapy (SON) awayog
MO HODIH HDIH ALVHIAOW MOT SOUEPINY). [EUTWON
£€80°0 = 1d
sut yg8
22000 = _;i = 3Wl] UO1IN[OS (1enue)
(PBO}IOM , spIom :
11 '8 9BrIoAY) Woze = |y (poamboa LyD) S¥g = LATowsn awrayog mhmww\_ﬂw
HDIH WA TN NIAIOEN ALVEIAON WAIdAN TSPOIN 9A1101Padd
¢10°0 = 1d sw 0001
5 = W] UOLIN[OG
(010070 = | 4 (A
S spaom uanjeg - dSl1ERWOINY)
g "
(PWoYds d1TWOINY) M9 = T 0£ST = Arowrspy (SDOI) awayog
NI HLU oH3z MO INON HODIH aouepiny aAljedaly
Lepdsi1(q Jainduio )
Anng peROIYIOM 0TI JOJJIH [euluwrIa ], auwrayog aouepinn
Anxordwion

SOWAYDS 9OUBPINY OTjBWOINY Uzm.ﬁm:zmz jo uostaedwo) ‘g-g 9[qEL

12513-FR3-1



GUIDANCE
SCHEME

- 25 -~

CHARACTER-

MANUAL

NGS

TERMINAL
ERROR

WORK LOA

COMPLEX-
ITY

srics -

PMGS

TERMINAL
ERROR

AUTOMATIC

IGS

TERMINAL |
ERROR

WORK LOA

COMPLEX-
ITY

Figure 2-4.

Fo

LOW RATING HIGH

Rating Summary of Manual Automatic
Guidance Schemes

12513-FR3-I



_26_

As expected, Figure 2-4 shows the inverse relationship between hardware
complexity (computer requirements) and both terminal error and pilot work
load. That is, there is a major tradeoff involed when choosing between
guidance schemes--hardware complexity versus system performance and
human involvement in the guidance loop. The automatic IGS and manual NGS

lie on opposite ends of this tradeoff scale, with the manual PMGS falling
in the middle as a comparison.

This comparison does not include such important features as reliability
and flexibility, and the final choice of guidance scheme must depend on
the particular mission under consideration.
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SECTION 3
ACCOMPLISHMENTS AND RESULTS

.1 GENERAL

This section represents the main body of this report and presents the details
of all the work accomplished in the third and final phase of the study. The
manual guidance techniques and displays are discussed in section 3. 2. The
nominal guidance scheme (NGS) is used for first-stage guidance and the pre-
dictive model guidance scheme for second stage. { The model used for the
real-time simulation of the ROT vehicle is discussed in section 3. 3. [ The
equations of motion, which are written in a wind-axis (flight-path) coordinate
system assuming a spherical rotating earth, are presented in Appendix A.
Also included is a discussion of the target orbit, guidance plane geometry and
the equations of motion for the fast-time model required in the PMGS. Section
3.4 contains the results of the operator work-load measurement and display
format evaluation.

The computational and display requirements are presented in sections 3. 5
and 3. 6 respectively.
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3.2 ROT GUIDANCE TECHNIQUES AND DISPLAYS

The proposed guidance techniques and displays for a ROT three-dimensional
ascent to orbit are summarized in this subsection. The first stage is manually
guided about an optimal nominal trajectory. Second-stage guidance is based
on either the PMGS or a nominal guidance scheme (NGS) as studied in an
earlier phase of the contract (Ref. 3, pp. 43-72). The choice of second-stage
guidance is a tradeoff between the relatively high computer requirements,
adaptability, and low pilot work load for the PMGS versus the low computer
requirements, inflexibility, and high pilot work load for the NGS.

The function of lateral or yaw-axis guidance is to keep the vehicle in the
launch plane. Only an automatic scheme was considered for this study.

3. 2. 1 First-Stage Guidance -- Nominal Trajectory

Manual guidance about an optimized nominal trajectory was chosen as the
first-stage guidance scheme because of its basic simplicity. The nominal
trajectory was generated in an earlier phase of the contract under a two-
dimensional, non-rotating earth assumption. However, it is felt that these
restrictions would not have a detectable influence on the more complete
three-dimensional, rotating earth model, considering the relatively short
flight time for the first stage (137 sec) and the small out-of-plane motion.

Another reason for the selection of the nominal trajectory is that there is no
need for any great flexibility in selection of the first-stage trajectory.
Earlier studies demonstrated that optimal trajectories for off-nominal
initial conditions varied little. It appears, then, that there is little merit in
selecting a predictive- or adaptive-type guidance scheme for the first

stage with its accompanying complexity and greater computer requirements.

12513-FR3-I



_29_

The pilot's task in following the nominal is simplified by the addition of a
simple predictive symbol on the display. The symbol is driven by a first-
order expansion about the present state:

X(t+ 7)) =x(t) + T x (1)
where T is the length of time in seconds that the pilot desires to predict
ahead. In addition to the prediction, the current-state conditions are dis-
played in digital form.

Three displays were evaluated:

e Altitude versus velocity
e Altitude versus flight-path angle

® Altitude versus altitude rate

Figures 3-1, 3-2, and 3-3 show the three display formats with the PMGS
used as second-stage guidance.

3. 2. 2 Second-Stage Guidance - Predictive Model Guidance Scheme

The proposed second-stage guidance scheme is actually a hybrid having
characteristics of both open-loop and closed-loop schemes. It takes advan-
tage of the inherent accuracy of a closed-loop scheme and the simplicity

of an optimal open-loop scheme (see Ref. 3, pp 18-32 for a more complete
description).

12513-FR3-~1
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Figure 3-1
Altitude -versus-Velocity
Display Format

Figure 3-2
Altitude-versus-Flight-Path-Angle
Display Format

ELIGHT PATH ANGLE

Figure 3-3
Altitude-versus -Altitude-Rate
Display Format

LTITUDE #aTe
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Based on a two-dimensional, flat-earth approximation to the real situation,
a time-optimal solution for the time history of the vehicle attitude angle
(X) is obtained in closed form (see section 3. 5. 1):

Tan X= A+ Bt
By knowing the constants A and B, a predicted open-loop trajectory can
then be repetitively computed in fast-time and displayed to the pilot. If this

trajectory does not hit the specified target orbit conditions, the pilot adjusts
A and B, thus closing the guidance loop.

3. 2. 3 Lateral Guidance and Display

To stay in the launch plane, the inertial position Y, must be zero (see Figure
3-4). An obvious form of a lateral guidance law, then, is to make the bank angle
(o) or gimbal angle (6Y) proportional to YI plus a rate term for damping:

o, 6Y = KYYI + K"YYI

The gains Ky and K¢ can be constant or varied by the pilot as he monitors
a display of lateral error. The display consists of a symbol moving up the
Y axis of the display simultaneously with altitude, while the X axis is pro-
portional to the lateral error. The pilot can also adjust the scale factor to
allow for large plane changes and greater sensitivity. Lateral manual
guidance is also possible with the pilot monitoring the display and controlling
the bank angle or yaw-axis gimbal angle.

3 12513-FR3-I
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For this study, only automatic lateral guidance with constant gains in the
lateral guidance law was considered. With

KY = 0.001 deg/ft and

f<Y = 0. 1deg/fps.
the typical out-of-plane error at orbital injection is 400 feet with an orbit
inclination error of 0. 0013 degree,

MATHEMATICAL MODEL

This subsection presents a general description of the mathematical models
used for the simulation of the ROT and the manual guidance schemes. The
three-dimensional, point-mass equations of motion for the real-time simu-
lation are written in a flight-path (wind-axis) coordinate system, assuming
a spherical, rotating earth, This axis system was chosen over two other
commonly used systems (i, e., inertial and local horizon) because of com-
patibility with earlier phases of this study in which a two-dimensional, non-
rotating earth wind-axis model was used. Rotational and control system
dynamics are neglected. The details of the simulation are presented in
Appendix A.

The first stage of the proposed ROT system is a horizontally launched,
reusable winged booster with approximately 1,800,000 pounds of thrust.
Delivery of the second stage to its staging point is the primary mission of
the first-stage. Sled-assisted horizontal takeoff provides a velocity initial
condition of 650 fps with staging occuring at the following conditions:

Inertial velocity (VI) 7041, 1 fps
Altitude (h) 168,323 ft
Inertial flight-path 21.88 deg
angle (‘yI)

} 12513-FR3-1
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After separation, the first stage coasts to an altitude of 288,000 feet before
re-entering the earth's atmosphere.

The second stage of the ROT system is a lifting-body vehicle. However,
for this study it is assumed that staging occurs outside the sensible atmos-
phere, and therefore aerodynamic effectsare neglected. Second-stage
thrust is approximately 300,000 pounds. Both stages are restricted to a

3-g acceleration limit. Reference 1 contains a complete description of the
ROT system.

3. 3. 1 Target Orbit

The equations for the real-time simulation are written in terms of quantities
relative to the earth, and, since the target orbit is relative to inertial space,
there must be a transformation from a relative to an inertial reference frame.
In this study, the down range is unconstrained since a simple solution for the
optimum thrust direction is obtained using the range free transversality
conditions.

The circular target orbit of 100 nautical miles is defined by four parameters:

e Altitude (h) - 608, 020 ft
e Orbital inclination (i) - 30 deg
e Inertial velocity (V;) - 25, 570. 5 fps

e Inertial flight-path angle (v;) - 0 deg

12513-FR3-1
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These parameters in terms of earth-referenced quantities are:

h=r=Vsiny

COSi =cCcoSs ¢ sinY

|
VI=[V2+2VcosysinYwercos¢+(wercos¢)2]1/2

sin y; = _y\\//sin
1

V cos ¥ sin Y +w,r cos ¢
VI cos ‘yI

sin ‘ifl =

3. 3. 2 Lateral Guidance and Guidance Plane Geometry

One of the envisioned benefits of the ROT class of vehicles is the possibility
of "offset” launch capabilities in which the launch vehicle performs a signi-
ficant lateral displacement. However, the first-stage nominal trajectory and
the second-stage fast-time model were generated in earlier phases of the
study assuming planar motion, and it was out of the scope of this contract to
generate new nominal trajectories and a fast-time model. Therefore, for
this study, it is assumed that launch occurs in the plane of the target orbit
and that the function of lateral guidance is to hold the vehicle in that plane.
The bank angle during first-stage flight and the engine yaw gimbal angle
during second-stage flight are the control variables.

The plane of the target orbit is defined by

COS i = COS ¢ sin \PI

12513-FR3-I
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Since the target orbit has an inclination, i = 30°, and a due east launch is
assumed to take full advantage of the earth's rotation, the launch latitude
becomes

from Equation (3-1).

From Figure 3-4, the guidance plane is defined by the XI’ Zy coordinates
with the YI being the out-of-plane position. These coordinates must be

computed in terms of latitude and longitude for the simulation. Referring
again to Figure 3-4, the inertial positions X_', YI" ZI' are easily written

in terms of the spherical coordinates r, ¢, v as:

Xt =rcos ¢ sinv

Y ' =rsing

I

Z' =r COS ¢ COS V

where: r = distance to vehicle from earth's center

¢ = latitude

v

inertial longitude = 0 +w.t

0;, = longitude (0L = 0 at launch)
W = earth's rotation rate

The XI', YI" Z|' system is transformed into X

XI' through the angle i:

r Yp Z, by rotating about

12513-FR3-1
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' 1
XI 1 (o) (o) XI
= j - 1 1 1

YI Ocosi =sini YI
1 I 1 |

ZI osini cos i ZI

Then:
XI:r COS ¢ Sin vV
YI=rsin¢cosI =T COS ¢ COS Vsini
ZI=rsin¢sini+rcos¢cosvcosi

The in-plane range angle 8 is required for transformation to the fast-time
model and is given by:
%

tan 8 ===
: Z
I

3. 3.3 Fast-Time Model

The equations of motion for the fast-time predictive model are written in
a two-dimensional inertial coordinate system. The relationship between

this simplified coordinate system and the real-world simulation is shown
in Figure 3-5.
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Figure 3-5. Fast-Time Coordinate System
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The equations of motion, assuming no aerodynamics, are:

X = VX
z =V
Z

v =L cosx -g (3-2)

X M X

=L & -

v, =7 sin X g,
M = 'Bz
tan X = A + Bt :(optimal linear tangent law)

where

8y and g, are the components of gravity along the x and z directions,
depending on the assumption of a flat earth or spherical earth when calcu-
lating the gravity (see section 3. 5 2). The constant A in Equations (3-2)
is updated automatically every iteration (1 second) so that the pilot need
not be concerned about the variation of A as the flight time increases if
he has chosen the correct current value to satisfy the end conditions:

A = A

NEW - forp t B

OLD 'A t.

The control variable (6), the pitch attitude, for the real vehicle is calculated
every iteration from:

o =tan ™t (A)+ B.
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The initial conditions for the fast-time model are:

x(0) =X

I
z(0) =Z;
VX(O) = VI cos (')/I - B)

v, (0) v} sin (¥ - )

For the display of the fast-time predicted trajectory the following trans-
formations are required:

- 2 ]
Vp = \/Vgg T V22 - velocity

o2 2 .
h = + - -
p \/ X z ry altitude

_ls.\ i/XV Z V

y = Tan X + Z

. ‘VW - flight-path angle

The predicted terminal errors are also displayed to the pilot and are
given by:
he = hp(T) - 608020.

Yo = %(T) - 0% =y, (T)

where hP(T) and 'yP(T)are the predicted altitude and flight-path angle at
velocity cutoff.
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3.4 OPERATOR WORK-LOAD MEASUREMENT AND DISPLAY EVALUATION

This subsection describes the two simulation techniques used to evaluate the
operator work load while performing the manual guidance functions. These
measures may be used to establish the reserve capacity of an operator.
This reserve will be required if the operator is to perform the vehicle atti-
tude control function in addition to the guidance function. Evaluation of dis-
play formats is also performed by measuring the operator work load. The
display yielding the lowest value of work load is considered the best.

Section 3. 4. 1 describes the two methods, the data obtained are presented
in sections 3. 4. 2 and 3. 4. 3, and the conclusions are given in section 3. 4. 4.

3.4.1 Description of Operator Work-Load Measurement

Figure 3-6 provides a classification of the various measures which can be
used for establishing the reserve capacity of an operator. Review articles
by Brown (Ref. 11)and Knowles (Ref. 12) summarize the more important
studies relating to these measures. Of the two general classifications,
"information sampling" and "concomitant tasks", only the latter is examined
in thiz study.

1
CONCOMITANT INFORMATION |
TASKS SAMPLING |
SUBSIDIARY INTERMITTENT
LOADING TASKS SUBSI INTERMIT EYE MOVEMENTS
PRIMARY SECONDARY
PRI o SECQNDARY. FORCE PACED SELF PACED

Figure 3-6. Methods for Measuring Informational Work Load
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Concomitant tasks can be of two types, loading tasks or subsidiary tasks.
Loading tasks are characterized by two features: First, the subject is
instructed to perform the loading task at the expense of his performance on
the primary task. Second, the loading task is force-paced so that the subject
does not control the rate at which he must respond. In this study, the loading
task is considered the subject's primary task, and the guidance function is
the secondary task. In the case of the subsidiary task, however, the operator
is instructed to perform this task only when he feels he can respond with no
decrement in his performance on the primary tasks, i.e., the guidance task.
Thus the subsidiary task is self-paced.

The rationale for the use of subsidiary tasks is that, as the information
processing load of the primary task is increased, the operator's information
rates on subsidiary tasks are decreased. If it is assumed that these rates
are inversely proportional, then one can obtain a direct measure of primary
task work load. Ekstrom (Ref. 13) used this method in evaluating various
control systems for an aircraft using a self-paced, choice-reaction subsi-
diary task. If, when also performing the primary task, the subsidiary task
response rate was reduced to 50 percent of the level obtained when performing
the subsidiary task alone, she concluded that the operator needed only 50 per-
cent of his attention to perform the primary control task. She found that,
although measured system performance for two different control systems was
the same, one control system required much less operator attention. In the
present study, a subsidiary task is used to evaluate a number of possible
display formats. The display format yielding the lowest primary task work
load is considered the best. Section 3. 4. 2 covers the description and results
of these experiments in more detail.

Perhaps the most serious problem with the subsidiary task measure involves
the response bias of the operator. If any subsidiary task will cause some
decrement in the primary task, the question is: how much decrement in the
primary task is tolerable? This question must be resolved by the subject.

12513-FR3-I
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Typically, the subject is instructed to maintain high performance on the
primary task, and to perform the subsidiary task when possible. Results
are presented in section 3.4. 2 which indicate the decrement in the guidance
task with the addition of the subsidiary task.

The rationale for the use of loading tasks is that, as the information pro-
cessing demands of the loading task is increased, performance on the pri-
mary task will deteriorate. To determine the reserve capacity of an operator
at some specified minimum performance level on the primary task, the atten-
tional demand of the loading task is increased until the primary task is reduced
to the selected level of performance. The information rate on the loading
task then represents the operator's reserve capacity since he is performing
at this level while maintaining the selected performance level on the primary
task. In other words, the capacity used on the loading task could be applied
to another (“'second primary"') task by substituting the "'second primary" task
for the loading task. In effect, the loading task represents information pro-
cessing requirements of other primary tasks. Since the loading task is force-
paced, the problem of operator response bias can be avoided.

A problem in using loading tasks is that, since they are force-paced, they
may require the operator's attention during critical periods of the primary
task. The subsidiary task does not have this disadvantage since the operator
selects when to perform the subsidiary task, This objection is not serious
since, in operational man/machine systems, other primary tasks (represented
here by the loading task) often require attention at critical times. In this
applied sense, the forced-pace nature of loading tasks may be realistic.

12513-FR3-I
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3.4. 2 Operator Work Load - Subsidiary Task

3. 4. 2. 1 Description of the Technique -~ The subsidiary task used to evaluate
the operator work load consisted of the operator responding to one lighted
button out of a 4 X 4 array by pressing it to turn it off. The 16 buttons are
lighted (one at a time) at random through a 64-position stepper switch. A
photograph of the tap-lights is shown in Figure 3-7. The device with 16 lights
in a display panel was mounted near the CRT display within the peripheral
vision of the subject so that an eye movement to and from the control panel
was required to extinguish any energized light. The device was set so that
only one tap-light energized at a time. (Appendix B describes the circuits).
The readout relays remained energized until the tap-light switch was depressed
by the operator. Light activity was recorded on a strip-chart recorder from
an output connection on the selector box.

Using this method, a time history of work load (throughout the entire flight)
can be recorded. Critical times (high work load) during the flight are then
easily seen. A guantitative measure of work load is made from the formula:

R,
WL = (1- =+ ) x 100%
Ry

where R, =rate of handling lights during a simulated flight

R, = maximum rate of handling lights.

In other words, this formula gives a number signifying the percentage of time
required to guide the vehicle. If WL = 100%, i.e,, R; = 0, the pilot is devoting
all his time to monitoring the display and/or manipulating the guidance controls.
If WL =0, i.e., R, = Ry, the pilot is devoting no time to the guidance task and
is able to devote 100 percent of his time to the secondary task.

A measure of the total operator work load in each run can be obtained by
integrating the time history of work load.
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Figure 3-7. Tap-Light Display
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3.4.2.2 Experimental Results -- The subsidiary task work-load measurement
technique was used to evaluate display formats as well as to determine the
critical times (high work load) during the flight. The guidance task is primary
and the subsidiary task is secondary, Figure 3«8, and 3-9 are examples of the
type of unsmoothed data recorded. Figure 3-8 shows raw work-load data

for an altitude-versus=velocity display in first and second stages with automatic
lateral guidance. Figure 3-9 shows operator work load using the same display
but using manual lateral guidance. Figure 3-10 shows the corresponding control
variable time histories for manual and automatic lateral steering. Although
these three figures represent raw data from only two runs, there are certain
points which should be made.

® In Figure 3-8, the work load is initially fairly high but, at about
50 seconds, It remains constant at 15 percent until staging at
140 seconds, The low level (15 percent) represents a monitoring
task where the operator is not applying any control signals but is
merely monitoring the display. The nominal guidance scheme is
used in the first stage and the pitch attitude is a constant after
50 seconds (see Figure 3-11). Thus, the period of monitoring
Is from 50 to 140 seconds,

The predictive. model guidance scheme is used in the second stage
which begins at about 140 seconds. The work load is high from
140 to 170 seconds due to the operator making adjustments to the
guidance parameters A and B. This is followed by a long,
basically monitoring, period from 170to 350 seconds. Notice
that there are two midcourse corrections made during this

period. From 350 seconds until cutoff, the workload is high

due to the operator making vernier adjustments to parameters

A and B.
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Figure 3-8. Operator Work Load versus Time - Automatic

Lateral Guidance
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Figure 3-9. Operator Work Load versus Time - Manual

Lateral Guidance
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(] Comparison of Figure 3-9 with 3-8 indicates the additional
work load imposed by the manual lateral guidance. The work
load is generally higher with fewer monitoring periods. The
terminal errors are also larger when the operator performs the
lateral guidance.

o During the course of the study, it was decided to use automatic
lateral guidance due to the relatively simple automatic scheme
used and the relatively large increase in operator work load
with the addition of the-manual lateral guidance task. All
data presented in the remaining portion of this report was
obtained using an automatic lateral guidance system.

o Figure 3-10 illustrates the large deviations in lateral control
variable (bank angle s in the first stage, engine yaw gimbal angle
5Y in the second stage) when manual lateral guidance is used,

With sufficient training, however, this lateral control variable time

history would be smoother,

To properly evaluate the different display formats, a number of simulation
runs were made. The rate of handling lights during the flight (Rl) IS counted
in 10=second intervals. The operator work load was recorded for each

run, and these curves were then averaged. The resulting averaged curve

of operator work load versus time was then smoothed in time, using a
40-second moving average. Three two-dimensional display formats were
considered:

o Altitude versus velocity (h versus V) == see Figure 3-1
o Altitude versus altitude rate (h versus h) -- see Figure 3-3

o Altitude versus flight-path angle (h versus ) -~ see Figure 3-2

All runs were made with two experienced operators; the runs being equally
divided between the two.
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Figure 3-12, 3-13 and 3-14 show the averaged and time-smoothed work load-~
versus-time curves for each display format,, All data was obtained using
Model | for the fast-time model (see 3.5). On the basis of these data,

the following conclusions are made:

o Inthe firststage, where the nominal guidance scheme was
used, the work load is initially high and then decreases after
about 50 seconds. This is generally true with the three displays,
This general shape is due to the nature of the proper pitch
attitude time history (see Figure 3-11) which rises linearly to
about 37 degrees at 40 seconds and then remains constant until
staging.

o The h-versus-V format yields the lowest work-load~versus~time
curve in the first stage. Notice that the work load definitely
decreases to a monitoring level after about 50 seconds.

o The next best display format for first-stage guidance is h versus
h which is followed by the h-versus-y display format. Both these
formats show a low level of work load after 50 seconds, but the
level is larger than for monitoring, This indicates the operator is
making small corrections to the pitch attitude which is nominally
constant from 50 seconds to staging, The h-versus-h and h-versus
y display formats are more sensitive than the h-versus-V display.
This sensitivity enables the operator to see his error from the
naminal more readily and thus make more corrections. This
sensitivity explains the higher-than-monitoring level for the
h-versus-y and h-versus-h display formats.
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Figure 3-12. Subsidiary Task Work Load versus Time -
h-versus-V Display
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Figure 3-13. Subsidiary, Task Work Load versus Time -
h-versus-h Display
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Figure 3-14. Subsidiary Task Work Load versus Time -
h-versus-v Display

Table 3-1 summarizes total work load (areaunder the curve) versus
display format for the first stage. On the basis of minimum total
work load for first-stage manual guidance, the h-versus-V display
format is best.

In the second stage, where the predictive model guidance scheme
was used, the work load is initially high, then decreases towards

a monitoring level, and then increases again as the cutoff time is
approached. This is generally true with the three displays, The
initial high level iIs due to the operator making gross corrections

to the guidance parameters A and B. These corrections are required
due to the off-nominal second-stage initial conditions. The operator
then monitors the display until about 300 seconds when he starts
making corrections to null out the predicted terminal errors. The
corrections are required partially as a result of the fast-time model
inaccuracies and partially as a vernier adjustment to the initial
corrections.
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e Table 3-1 summarizes total work load (area under the
curve) versus display format for second-stage guidance.
On the basis of minimum total work load, per second-stage
manual guidance, the h-versus V display format is best.

Work Load
Display First Stage , Second Stage
h vs V 27. 4 32. 2
h vs h 32. 4 39.5
h vs vy 35.5 35. 4

Evaluation of display formats was performed on the basis of operator work
load and guidance system performance. The results of the evaluation on the/
basis of work load have been presented. Guidance system performance is ’
interpreted as the accuracy in achieving the target orbit conditions which are
specified by target altitude, flight-path angle, velocity, and orbital inclination.
Since automatic lateral guidance and automatic velocity cutoff were assumed
in the study, the operator had no control over inclination or terminal velocity.
As aresult, only altitude and flight-path angle are considered in the manual
guidance system performance. To have ohe measure of terminal error in-
stead of two terminal errors (altitude and flight-path angle errors) a perfor-
mance index is defined by

: 2 2
1 ~h Y
PL :-\/;—_'J( —£ ’ + ("_e_ ) (3-3)
2 h _ Y
®max ®rnax
This performance index Is simply a weighted root-mean-square measure of the
terminal errors. The weight factors are h and v,
€max max
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Table 3-2 summarizes the system performance data obtained using the sub-
sidiary task method of measuring pilot work load with Model | for the fast-
time model (see 3. 5). The data are presented as absolute-value averages
of six runs for each of seven display combinations investigated. The system
performance index (PI) is calculated from Equation (3-3) with

h
e
max

i}

4643 ft

Y 0. 109 deg

e
max

These weighting factors represent the maximum terminal errors obtained in
all the simulation runs made with the subsidiary task work load measurement
technique.

The last three columns of Table 3-2 are measures of total work load and are
calculated from the areas under the curves in Figures 3-12, 3-13, and 3-14.

The subsidiary task method for work-load measurement was used to evaluate
the display formats under consideration on the basis of performance index and
total work load. The conclusions are:

o On the basis of performance index, the optimum display
formats are h versus h in stage 1 and h versus V in stage
2. However, h versus V in both stages resulted in a per-
formance index value only slightly larger than the h-versus-h
and h-versus-V displays.

o On the basis of total work load, h versus V in both stages shows
a definite improvement over the other displays. Therefore, on
the basis of operator work load and guidance system perfor-
mance, the best display format is h versus V in both stages.
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Figure 3-15 shows the response bias of the operator. As discussed in 3.4.1,
the addition of a subsidiary task sometimes causes a decrement in the primary
task, even though the operator has been instructed to maintain high performance
on the primary task. Figure 3-15 shows no decrement in performance of the
primary task for the h-versus-V and h-versus-h display formats. For the
h-versus-? format, however, the performance index increased by 43 percent
with the addition of the subsidiary task. This data shows that for the h-versus-y
format, the operators did not follow instructions.

In section 3. 5, various fast-time models for the predictive model guidance
scheme are discussed, and one is chosen (Model II) on the basis of minimizing
computer requirements and operator work load. The resulting work-load-
versus-time curve is shown in Figure 3-16. This work-load curve, obtained
using an h-versus-V display format for second-stage manual guidance, is the
average of five runs made by two experienced operators. It represents the
operator work load as a function of mission time for the best fast time model
and best display format, Note that there is a large period of monitoring,
200-370 seconds. The total work load is 23 percent which is a definite reduc-
tion from 33 percent (Figure 3-12) obtained using Model I. This Model | was
used in evaluating the three display formats.

3.4. 3 Operator Work Load - Loading Task

3. 4. 3.1 Description of the Technigue -- The loading task used to evaluate
operator work load consisted of the operator responding vocally to a visual
stimulus. Nine random letters (A-1) generated by the computer are displayed
randomly (uniform distribution) in the top center of the CRT. In all three
displays, the position of the letters is within 4 inches of the position of the digital
readout of the terminal errors. These letters are displayed at a specified rate
which is an input to the computer at the beginning of each simulation run. Work

12513-FR3-1



_57_

PERFORMANCE INDEX = P.l.

)

P.. WITH SUBSIDIARY TASK

P.le WITHOUT SUBSIDIARY TASK

1 1. WITH SUBSIDIAR

P.l. WITHOUT SUBSIDIARY TASK

P.f. WITH SUBSIDIARY TASK

\

WITHOUT SUBSIDIARY TASK-

Pl

Figure 3-15. Operator Response Bias

23.1%

TOTAL WORK LOAD =

L)y

75|
50
25|

(LN2O¥2d) a1 d0Mm

12513-FR3-1

g



- 58 -

load is expressed as the number of random letters per second that the
operator must respond to. The operator was instructed to maintain high
performance on the loading task and to perform the guidance task when
possible.

Appendix C describes a "bit box™ which can be used to give a visual pre-
sentation of random numbers to an operator. Such a device can be used
as a measurement device of operator work load if the simulation system
does not have a computer-driven CRT display facility.

3.4.3. 2 Experimental Results -- To determine the operator's reserve

capacity while performing the manual guidance task, a series of runs was

made by two experienced operators. For a specified display format and a speci-
fied random letter rate, five runs were made. These data are presented in
Figures 3-17, 3-18, and 3-19. The system performance index from Equation
(3-3) is plotted against the random-letter rate or equivalent information rate.

The information content of the letter source is given by:

H =2 p 1 1
= 2 P8

i=1 i

where
B - th
p; = probability of occurrence of i~ letter
N = total number of letters

For a uniform distribution of nine letters the information content is:

H

1og2 9

3. 17 bits
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At a rate of, say, 1-1/2 letters per second, the information rate is 3. 17 X
1.5 = 4.75 bits/sec.

In presenting the data, the median and first and third quartiles are plotted.
The level of acceptable performance was chosen assuming ICBM quality in
the booster guidance system (Ref. 14). Tolerable errors on altitude and

flight-path angle were chosen as:

Ah = £ 1 mile

Ay = 0.1 deg

These yield a value for performance index of 1.0, assuming

h = 4600 ft
®max

Y = 0. 11 deg
max
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From Figures 3-17, 3-18, and 3-19, the operator has a reserve capacity
of at least 4. 75 bits/sec to perform additional tasks to the guidance task.
Although the reserve capacity varies somewhat between display formats,
there was not enough data taken to make any firm conclusion about the best
format on the basis of maximizing the reserve capacity of the operator.

In performing this loading task without the addition of the guidance task, the
operator was able to handle 2. 25 letters/sec or, equivalently, 10.7 bits/sec.

3.4. 4 Conclusions

(1) Based on the subsidiary task method of measuring operator task loading,
the best display on the basis of minimum work load and minimum perfor-
mance index is the h-versus-V format in both stages.

(2) The operator uses about 33 percent of his total available work capacity
on the guidance task. The remainder is available for other control
tasks.

(3) The operator work load is a function of mission time (Figure 3-12). It
is high for the first 50 seconds, then decreases to a monitoring level
(15 percent) until staging. At staging the work load increases to about
65 percent then decreases to a monitoring level at 250 seconds and then
gradually increases to 60 percent at cutoff.

(4) The average performance index for the h-versus-V display is 0.11 (see
Figure 3-15). This is equivalent to errors in altitude and flight-path
angle of:

| Ah |

lay |

600 ft

L]

0. 01 deg
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{5) In measuring the work load by the subsidiary task method with an
h-versus-V display, there was no operator bias (see Figure 3-15).

(6) Based on the loading task method of measuring operator task loading,
the operator has an unused information handling capacity of at least
4. 75 bits/sec. This assumes a level of adequate performance equiva-
lent to an altitude error,of

Ah = = 1mile
and flight-path angle error of
Ay = 0,1 deg
(7) There was not sufficient data taken with the loading task method to
differentiate between the three display formats on the basis of unused
information handling capacity.
(8) The Information handling capability of an operator performing only the
loading task is 2. 25 letters/sec or 10, 7 bits/sec.
COMPUTER REQUIREMENTS
The computer requirements for the PMGS are presented in this subsection.
They are then compared with the automatic Iterative Guidance Scheme (IGS)

used for Saturn V and the Nominal Guidance Scheme (NGS) studied in Phase II
of this contract in terms of memory requirements and solution time.
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3. 5.1 ROT Guidance and Navigation Computations

For this study, it is assumed that guidance, navigation and control system
hardware is patterned after the Saturn V system (Ref. 4). The navigation
equations provide the PMGS with position, velocity and acceleration initial
conditions in the appropriate coordinate system (i. e. , XI’ YI’ Z; system in
Figure 3-4).

The PMGS consists of a simplified mathematical model of the real vehicle,
The model differential equations are then integrated in fast-time with a
velocity cutoff.

The predicted terminal altitude and terminal flight-path angle errors are dis-
played to the pilot along with the predicted trajectory. These errors and pre-
dicted trajectory are updated once per second. The guidance function is then
performed manually by the pilot by adjusting the constants A and B in the
linear tangent law for an optimum thrust angle (yx):

Tany = A +Bt, wheret = time.

This equation is derived using calculus of variations to convert the minimum-
time (fuel) problem into a two-point boundary value problem assuming a flat
earth and constant gravity. Saturn V boost guidance into orbit is also accom-
plished basically by this method, although totally automatic, and is described
in Reference 4.

Referring to the equations for the fast-time model (section 3. 3. 3), the linear
tangent law is easily formed from a definition of the Hamilitonian:

H =-pV, .p,V, +pvx (T/m cosx ) 4 o, (T/m sin ¥ - g) -1
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The control variable is x and for a minimum-time solution, the necessary
condition is:

oY 0 = pvx T/msiny + pVZ T/m cosy or,

Tan y =

The adjoint equations are:

Py = " 3x- 0
pVX=—g§X:'px
pvz= gz\_fIZ:_pz

Boundary conditions €or the adjoint variables are:

pX(tf) = 0 (dueto unconstrained down range)
p,(te); pvx (te), pvz(tf) unspecified

Hence, the solutions €orthe adjoint variables are:
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p, =0

pZ = pZO

pVX - P z0

sz - szo "ot and

the optimal thrust angle becomes:

by Py T Byt
T =p f - 2%° = A+Bt
any =-p ‘- 5 =
X Vo

The primary purpose of the computer system is to issue control commands to
the vehicle during flight. These control commands are evaluated in a major
and minor computation cycle. During the major cycle, which occurs once per
second, the navigation equations are solved, and the predicted trajectory is
generated. Vehicle attitude corrections are performed during the minor com-
putation loop. Attitude correction outputs to the control computer are depen-
dent on the platform gimbal angles and the results of the guidance equations
calculated in the major loop. The minor loop calculations require 18 ms for

solutions on the Saturn V computer and are made 25 times per second (Ref. 2,
p. 58).

Approximately 45 ms are required to solve the navigation equations. This is
an estimate made from the equations given in Reference 4, p. 894, €orthe
Saturn V computer. The velocity readings from the platform integrating acce-
lerometers are combined with the gravitational acceleration to yield the inertial
velocity components, XI’ YI’ 'ZI. By integration of the velocity components,

the vehicle position XI’ YI’ ZI is obtained.
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To obtain the thrust acceleration T/m required for the PMGS, the velocity

readings are digitally differentiated. From the resulting acceleration com-
ponents, the term T/m is computed by taking the square root of the sum of

the squares.

The solution time of 480 ms for the 1GS was estimated from information pro-
vided by Reference 2:

(Solution Time)IGrS Total Solution Time - Navigation - Attitude

Correction - Executive System

(Solution Time)IG 1000 - 45 - 18x 25 - 25 = 480 ms.

S

The rate of solution for the major computation loop is the total solution time
(1iteration/sec). An executive system or general program housekeeping
such as interrupt processing is estimated to require 25 ms out of one itera-
tion. Figure 3-20 is a block diagram of the total system.

A. 24-bit word length for the memory is sufficient for accuracy requirements.
This corresponds to about 7 decimal digits. The greatest accuracy require-
ment is for the distance from the earth's center to the vehicle (r) which is
approximately 21 x 106 feet. The altitude (h) can then be calculated to approxi-
mately £10 feet since h = r - ro Double precision arithmetic could also be
used when greater accuracy is required.

3. 5.2 Models for the PMGS

Three models for the PMGS were considered in this study on the basis of
computer requirements and accuracy. The differences between models are
the accuracy of the equations describing the model and the numerical inte-
gration scheme, The integration schemes were:
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o Rectangular or first-order Taylor series
e Second-order Taylor series
o Trapezoidal

Accuracy of the model equations depends on (1)flat earth (constant gravity)
or spherical earth calculation of gravity and (2) calculation of the accelera-
tion provided by the engines (the real vehicle is thrust limited to 3 g's, and
therefore vehicle mass is no longer linear with time).

The models considered are:

. o Rectangular or first-order Taylor series integration
Constant gravity
o} No thrust limiting

11 e Trapezoidal integration
Spherical earth gravity
o  Thrust limiting

111 o  Second-order Taylor series integration
o Spherical earth gravity

o  Thrust limiting

The fast-time model vehicle equations of motion are repeated below for con-
venience.
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. _ T )
= = cos
Ve " m X 8, x acceleration
Vv, == sin g z acceleration
zZ m X - &,
X = Vg x velocity
z = A z velocity (3-4)
T = Czﬁz thrust
m = mg- Byt mass

§]
S
+
b

Tan ¥ thrust attitude angle

Equations (3-4)are integrated and yield predicted values for the position and
velocity of the vehicle. A velocity cutoff is used to terminate the integration.
In addition, coordinate transformations are required for the display to the pilot
and for the attitude control system. For the display:

WP =/x2 + 22 - ro predicted altitude

VP V2 I 22 predicted velocity (3-5)
1 XVX + zVZ )

Yo - tan |\ ———— predicted flight-path

b= ZVy = XV, angle

Command vehicle pitch angle (6) is required for the attitude control system:

-1 | Xy
6 = y *+ tan —Z? = + B (3-6)
where XI and ZI are the current planar coordinates of the real vehicle.
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The integration schemes considered are represented by:

0 x = x, T Atx Rectangular or first-order
N+ N Taylor series
0 AN+l - x +_'-A-‘_E(;{ +x..) Trapezoidal
N 2 N+1 N
At® . .
° X4y - Xy TAU Xy + 5 XN Second-order Taylor series

Equations (3-4) through (3-6) together with an integration scheme then repre-
sents the computations requirements for the PMGS. Table 3-3, summarizes
the requirements for the various models, "Thrust Limit" refers to the limit-
ing of (T/m) to 3 g's. "Constant Gravity' means a flat earth approximation
and, therefore, in Equations (3-4):

g, = 0

-31 f’c/sec2

H

&z

nSpherical Earth Gravity' implies in Equations (3-4):

g, = ‘HX/I'S
X
3
g, = -nzlr
where
= gravitational constant
r = distance to vehicle from earth' s center
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Summary of PMGS Computer Requirements (ALERT

Storage Solution Time
Second-Stage PMGS (24-bit words) (ms)
Model |
o} Rectangular Integration Loop time - 1.05
o Constant Gravity 460 Misc - 1.22
o No Thrust Limit Total -11.7
(10 steps/iteration)
Model II
o Trapezoidal Integration Looptime - 1.24
o Spherical Earth Gravity 510 Misc - 1.29
o Thrust Limit Total -13.7
(10 steps/iteration)
Model III
e Second-Order Taylor Looptime - 1.30
Series Integration
o Spherical Earth Gravity 520 Misc - 1.43
e  Thrust Limit Total -14.3
(10 steps/iteration)
First Stage - Nominal Trajectory 200 0. 34
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3. 5.3 Computer Mechanization of Equations

For practical implementation on the computer, Equations (3-4) are modified
slightly. The sin % and cos ¥ are calculated from

sin y = tan yx /1 +tanzx

cosyx = 1 /V1 +tan2'x

The calculation of (T/m) is impractical because there is no measurement avail-
able for mass flow rate (62) and initial mass (mo) at the beginning of each itera-
tion. However, ’I‘/mO is available as an initial condition. Therefore,

T LT (LT ot
m(t) m_ m 9

where CZ = exhaust velocity and is a known constant.

The following assumptions were used in estimating the computer requirements
for the PMGS:

e Initial conditions are provided by navigation systems.

o Lateral guidance is automatic and not considered in the
estimation.

o A/D and D/A conversions are not considered.
o Display generation calculation and storage is not considered.

o Altitude versus velocity is displayed to pilot.

Honeywell' s general-purpose airborne computer, the ALERT, is used to esti-
mate the computer requirements.
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The version of the ALERT considered here has the following characteristics
(Ref. 5):

DRO miniaturized core memory (2-u sec cycle time)
24-bit word

4-p sec ADD time

14-p sec MULTIPLY time

4-u. sec READ time

6-pn sec WRITE time

O ® 0O O o O

Estimates were made by determining the time required for solution of the PMGS
model in the actual simulation on the SDS 9300 and comparing speeds of the 9300
and ALERT. It was found that the ALERT is about 20 percent slower for equiva-
lent fixed-point SDS 9300 calculations.

3.5.4 Results and Conclusions

Table 3-3 summarizes the computer requirements for the three models. The
requirements of the square-root and arc-tan subroutines are included. Re-
guirements for the first-stage nominal trajectory and associated calculations
are also shown; however, it is seen that they are minor when compared with the
PMGS. To evaluate the effect of the number of integration steps on the terminal
errors in each of the three models, the associated differential equations were
integrated in fast-time from 140 seconds to velocity cutoff conditions for a re-
presentative number of integration steps. The results are shown in Figures
3-21and 3-22. In Figure 3-21, the predicted terminal errors in flight-path
angle at velocity cutoff are plotted against the number of integration steps.

In Figure 3-22, the predicted terminal altitude errors are plotted versus the
number of integration steps.
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RECTANGULAR INT.
SPHERICAL EARTH g

MODEL N

[

MODEL 1
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CONSTANT g

10 20 30 40 50 60 70 80 90 100
NUMBER OF INTEGRATION STEPS

Figure 3-21. Predicted Terminal Flight-Path Angle Error

versus Number of Integration Steps
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MODEL |
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DEL I . & e
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MODEL Il I

Figure 3-22. Predicted Terminal Altitude Error versus

Number of Integration Steps
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Two combinations of models | and II are also included to help isolate the
important characteristics of each model. Constant values of A and B in
Equation (3-4) were used:

A 0.7453

B = -0.003226 sec” !

u

These constants resulted in final errors of -26. 0 feet in altitude and -0. 026
degree in flight-path angle.

From Figure 3-21 it is seen that the flight-path-angle error is very sensitive

to the calculation of gravity; the spherical-earth gravity calculation is an order
of magnitude better than the flat-earth constant gravity calculation and is rela-
tively independent of the integration scheme. However, altitude error (Figure
3-22) is strongly dependent on both the integration scheme and the gravity calcu-
lations.

The errors in predicted altitude and flight-path angle are due primarily to:

o Inaccurate integration

o Model approximation to the real world (no earth's rotation, etc.)

The inaccurate integration is generally dominant when a small number of steps
are used, For many steps, the solutions tend to converge, and errors are the
result of the approximations made for the model.

Table 3-4 summarizes computer requirements by function for all parts of the
total guidance, navigation and control system. Solution times for both the
Saturn V computer and the ALERT are included. By comparing the instruction
times of the two computers, it is estimated that the ALERT is approximately

22 times faster than the Saturn V computer. The memory requirements include
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Table 3-4. Computer Requirements by Function

Solution Time (ms)
Memory .
Function (2a-pit | Saturn ¥ | Honeywell | Solution

words) omputer . ate
Predictive Model Guidance Scheme 510 305.0 14.3 1/sec
(PMGS)
Iterative Guidance Scheme (IGS) 1250 480. 0 23.0 1/sec
Saturn V Automatic
Nominal Guidance Scheme (NGS) 200 12.5 0. 34 1/sec
Attitude Correction - 18.0 0. 82 25/sec
Navigation Equations 280 45. 0 2. 02 1/sec
Display (NGS) Generation 45 2.2 0.1 1/sec
Display (PMGS) Generation 55 8.8 0. 4 1/sec
Executive Program (Interrupt - 25.0 1.14 | =----
Processing etc.)

Solution Time per Second (ms)
. Memory Saturn Honeywel1l
Guidance Scheme (24-bit words)| Computer ALERT

Predictive Model Guidance Scheme 845 834 38.0
(PMGS)
Iterative Guidance Scheme (IGS) 1530 1000 (1 sec) 45. 4
Nominal Guidance Scheme (NGS) 525 535 24. 2
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any necessary subroutines. Five milliseconds are added to the PMGS

and NGS solution times to allow for data conversions between analog and
digital portions of the system. When comparing the PMGS and IGS alone,
the PMGS (Model II, 10 steps/iteration) requires approximately 40 percent
of the IGS memory and 64 percent of the IGS solution time. The require-
ments for the NGS are minor.

Comparing the guidance schemes alone, however, does not give a true picture
of the actual situation. Therefore, Table 3-5was generated to give a more
realistic comparison of the three guidance schemes. The individual functions

of Table 3-4 are summed together as a total system consisting of navigation,
guidance, control and display. The solutiontimes are based on an iteration rate
of one per second. Thus, when comparing the guidance schemes from a total
system point of view, the PMGS does not offer a large saving over the IGS in
solution time. (834 ms for the PMGS versus 1000 ms for the IGS.) However,
the solution time for the PMGS can probably be lowered by more efficient pro-
gramming of the computer.

Comparison of the PMGS and the NGS with the IGS shows a 45 percent decrease
in memory requirements for the PMGS and a 66 percent decrease for the NGS.
Solution rates are improved by 17 percent for the PMGS and 47 percent for the
NGS.

Three general conclusions can be drawn from the study of computer require-
ments:

° For the PMGS to compete with the IGS in terms of solution
rate, Model II with 10 steps/iteration must be chosen as the
model for the PMGS. From Figures 3-21 and 3-22, it is
seen that Model II is still quite accurate at 10 steps while
the other models have been significantly reduced in perfor-
mance. If a greater number of steps are used, the solution
time of the PMGS approaches or exceeds that of the IGS, and
there is no longer any advantage for the PMGS in terms of
computer requirements.

3 12513-FR3-I
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o NGS offers a significant decrease in computer require-
ments over either the PMGS or the IGS.

o The choice between the IGS and PMGS is not clear from
the computer requirements alone. Other considerations such as
flexibility, reliability and type of mission must be considered,

3.6 DISPLAY REQUIREMENTS

In this subsection, the display requirements for the manual guidance task
of the ROT are described. A standard analog-driven CRT will satisfy the
minimum display requirements; sections 3.6.1 and 3. 6.2 describe the
system in more detail.

However, display systems for manned spacecraft have grown to the state
where many separate devices are required in the cockpit. In the Apollo
command module alone over a hundred various display devices are used,
and prime panel space is at a premium. Recent advances in computer-
driven, multiformat displays may offer an interesting solution to this
undesirable trend for next-generation spacecraft. This display system
can act as communication channel in the manual guidance loop as well as
in a manual control loop, it can present navigational data to the pilot;

it can monitor the status of crucial systems and instruct the pilot in
emergency situations.

Although a standard CRT will satisfy the minimum display requirements,
digital-computer-driven, multi-format CRT or Electroluminescent (EL)
display should also be considered for the ROT; a comparison of the two
is included in section 3. 6. 3.
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3.6.1 Display Format and Size

As discussed in section 3.4, the display of altitude versus velocity (h
versus V) is the best display in terms of performance and pilot task
loading for both first and second stages. Inthe PMGS simulation, a
general-purpose, digitally driven CRT was used. (see Figure 1-1).
Predicted terminal errors were also displayed to the operator. These
digital displays are necessary to achieve the reported performance and
are assumed to be the outputs of digital voltmeters when determining
minimum display requirements. With this assumption, a standard
laboratory-type CRT may be used to display the nominal and predicted
trajectories.

A 12-inchusable area (12 inches on a side) CRT was used in the simulation.
This however, 1is obviously impractical for the cockpit of a spacecraft.

The minimum ideal display size depends (aside from cockpit space con-
straints) on the resolution of the display, the resolution of the eye, and the
normal viewing distance. Resolution is governed by the eye which in cockpit
viewing distances (nominally 2 feet) IS 75 lines/inch (Ref. 6, p. 338). The
eye resolution is about one minute of arc and, under vibration, deteriorates
by a factor of 2 to 5. Thus 75 lines/inch provides adequate resolution over
a wide range of viewing distances. A practical size for a cockpit CRT is

6 to 8 usable inches. The display should then have a resolution of about 600
lines.

In the simulation, scale factors of about 50,000 ft/in. in altitude and 200
fps/in. in velocity were used. Some human factors work must be done to
define the scale factors, since the actual display will be smaller than the
laboratory model. Through a change in scale factors during a flight, the
requirement for display of the terminal errors might also be eliminated.
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In addition to the display of actual position on the first-stage nominal
trajectory, a ""quickened"* symbol is displayed to the pilot. This display
allows the pilot to see approximately what effect his current input has T
seconds inthe future. The quickened symbol is driven by a simple
first-order Taylor series expansion about the current position:

ht+T) = h(t) + T h (t)

vit+ T) vit) + T v (1)

where T = 20 seconds inthe simulation.

Although this quickening is not necessary to fly the vehicle, it is convenient
and reduces work load, especially when a large off-nominal condition develops.

3.6.2 Computation Requirements

The computation required for display of the predicted and nominal trajectories
can be broken down as follows:

(1) Storage of the points as they are computed (not
required for nominal trajectory)

(2) Scaling of the points to be displayed
(3) Processing of interrupts for display refreshing

(4) Output (digital to analog) to CRT display
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These computations are included in the summary of computer requirements in
Table 3-4. Points (1) and (2) require an iteration rate of one per second (same
as major computation loop) and are listed as "Display Generation'" in the table.
The Executive program is assumed to handle the interrupt processing and output
to the scope. Interrupt frequency must be high enough to eliminate flicker and
depends on the display hardware. The refresh rate for a fast-erase storage
tube would be one per second, while a conventional CRT requires 20 to 50 per
second.

3.6.3 CRT and Electroluminescent (EL) Displays

With increasing emphasis being given to man's role in spacecraft, the guidance
of his activities is one of the most challenging areas in display technology. At
the same time, however, the constraints put on such displays -- low weight,
high reliability, and reluctance to use untried techniques -- are leading to a
cautious approach to the procurement of flight hardware. As a result, the
spacecraftdisplay field is a field full of new ideas, but the hardware being
developed is mostly conventional.

The use of computer-driven, multi-format CRT and/or EL displays appear

to be the best solution to the ambitious goal of an integrated cockpit display
panel. However, a direct comparison of CRT and EL displays is, at best,
difficult because of differences in hardware and stages of development. The
increasing level of support being given to EL research affords excellent pros-
pects that the post-1970 cockpit will be equipped with computer-controlled EL,
indicator panels, replacing the conventional dial and tape-driven indicators of
today's aerospace vehicles. With respect to the dynamic display requirement
such as manual guidance, typically provided by CRT's, more fundamental
difficulties exist. The advances required over the current state of the art for
EL's are discussed later in this subsection. Five or more years is estimated
as the time required before EL displays can compete with the performance of
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present CRT's for dynamic displays. Table 3-6, taken from Reference 6, presents
projected display technology for avionic systems. It appears, then, that the first
generation integrated cockpits may be a combination -- EL's for indicator panels
and CRT's for dynamic situation displays.

The advantages enjoyed by CRT's are largely in their high state of development
and high resolution (100lines/in., typically). A CRT for energy management is
currently being used in the X-15. Main advantages of EL's are their flat,
sturdy screens with high reliability and low power requirements. The greatest
problems at present are low resolution and large computer memory requirement
posed by the high scanning rates which must be developed to address the X-Y
grid configuration. CRT's have the disadvantages of being complex and being
incompatible with crowded cockpit weight and volume constraints. Table 3-7

is a generalized comparison of EL and CRT's when applied to a dynamic display
situation.

For EL to compete with CRT displays, the following advances must be made over
the state of the art:

o Higher resolution (75to 100 lines/in.)

e Availability of a batch-fabricated device incorporating the necessary
properties for addressing, drive and interframe memory

e Availability of a batch-fabricated data buffer to reduce input/output
traffic between the central computer and the display

Figures 3-23 and 3-24 are typical block diagrams for CRT and EL display systems.
The block diagram for a general-purpose computer-driven CRT display such as
one used for the ROT simulation is shown in Figure 3-23. A laboratory flight
model of an EL display system taken from Reference 7 is shown in Figure 3-24.
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Table 3-7. Comparison of CRT and EL Displays

. Electroluminescent Cathode Ray Tube
Characteristic (EL) Display (CRT) Display

Cockpit Display Weight Low High
and Volume
Power Requirements Low High
Complexity Low High
Reliability High, potentially Medium
Development Risk High Low
Production Cost Low, potentially High
Failures Gradual (one element at Catastrophic (tube

a time) burn-out)
Associated Computer High Medium
Requirements
Resolution Low (25-40lines/in High

state of art)
Viewability High (flat screen) Medium (parallax)
Compatibility with Good, potentially Poor
Integrated Circuits
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SECTION 4
MANUAL OPTIMAL GUIDANCE SCHEME - SUMMARY

This section summarizes the guidance scheme developed in this study in terms
of a short description and a discussion of computation, display, and navigation
requirements.

DESCRIPTION

The manual optimal guidance scheme for two-stage boost into a circular orbit
consists of two schemes: a nominal guidance scheme during the first-stage
aerodynamic phase and a predictive model scheme during the second-stage
vacuum phase.

The nominal guidance scheme, (Figure 4-1) consists of a two-dimensional CRT
display of the fuel-optimal trajectory from nominal initial conditions to staging
conditions. This optimal trajectory is fuel-optimal for the total mission, i.e.,
from liftoff to orbit injection. The nominal trajectory is stored in the onboard
computer. The present vehicle state is displayed on the CRT so that the pilot
is given information concerning his present status as well as where he should
be (the nominal trajectory). A short-term (0-30 seconds) prediction of the
vehicle state is also displayed on the CRT. This is helpful to the pilot in
steering the vehicle along the nominal trajectory. This predicted state is ob-
tained by measuring the derivative of the vehicle state and is approximated by:

X (1 = X (t+1) = X +1X (1)
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where
X(t) is the present state

Xp(t), X(t + 1) is the predicted state or state attime t +, t is present
time.

A digital readout of present vehicle altitude and time are also available to
the pilot.

NOMINAL
STORAGE

VEHICLE
TE
CONTROL ¥{ YEHICLE i sENsORS P
DISPLAY

PRESENT VEHICLE STATE

— T s
PREDICTED VEHICLE STATE

PREDICTOR

GAIN

® - PRESENT VEHICLE STATE
x - PREDICTED VEHICLE STATE

Figure 4-1. Nominal Guidance Scheme Block Diagram

The pilot's task is to steer the vehicle (i. e. , control body attitude) so that
the present vehicle state is on the nominal trajectory. The lateral guidance
or out-of-plane motion is handled by an automatic system (see section 3. 3. 2).

The predictive model guidance scheme (Figure 4-2) consists of a simplified
mathematical model of the vehicle dynamics which operates repetitively in
faster than real time to give the pilot an accurate prediction of his flight
path and predicted terminal errors. The pilot adjusts two optimization
parameters (A and B in Figure 4-2). These parameters and the predicted

12513-FR3-I

p;



_90_

VEHICLE
DYNAMICS

SENSORS

VEHICLE
STATE

OSCILLOSCOPE

REAL
1 TIME
SAMPLE
HOLD FAST
INITIAL CONDITIONS j TIVE
FOR MODEL
OPTIMUM
ANGLRING FAST TIME PREDICTED STATE
MODEL
PREDICTED STATE
sTesmc B e
|4
PROGRAM o VARIABLES
R i
S— ‘ ~- PILOT [=—--|DISPLAY

OPTIMIZATION
PARAMETERS

[ e~ ———— e ———

Figure 4-2,

TARGET

PRESENT
STATE

CONTROL

N> :) \ STICK

- —————— o —————

Guidance Scheme

12513-FR3-I

- - — < o o ]

Block Diagram of Predictive Model



-91-

vehicle state are inputs to the optimum steering program which generates the
fuel-optimum steering angle time history for the fast-time model. The pilot
adjusts A and B so that the predicted trajectory passes through the target
conditions.

In addition to the two-dimensional display of the predicted trajectory, a digital
read out of the predicted terminal errors is also displayed to the pilot.

The pilot's task in this guidance scheme is to continually adjust the optimi-
zation parameters A and B to minimize the predicted error in the altitude
and flight-path angle. In detail, the operations are as follows:

(1) The pilot selects values for A and B.

(2) The computer then integrates the predictive model equations of
motion and displays the resulting trajectory.

(3) On the basis of the resulting error in the predicted terminal
conditions, the pilot makes an adjustment to the parameters A
and B.

(4) This process is repeated at the rate of one fast-time solution per
second until values for A and B are determined which yield zero
error in the predicted terminal conditions.

4.2 COMPUTATION REQUIREMENTS

The digital computer requirements for the navigation, guidance, control and
display computations for implementation of the manual guidance scheme de-
veloped during this study are presented in this section. These requirements
are given for two state-of-the-artairborne digital computers, the Saturn VvV
and Honeywell's ALERT.
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The requirements for first-stage guidance using the Nominal Guidance
Scheme and assuming the data displayed is updated once per second

are:

(1) Memory - 525 24-bit words

(2) Solution time, including attitude correction (25/sec),
navigation computations, display generation, guidance
computations, and executive program --

535 ms/sec (Saturnv)
24.2 ms/sec (ALERT)
e The requirements for second-stage guidance using the Predictive
Model Guidance Scheme and assuming the data displayed is updated
once per second are:

(1) Memory - 845 24-bit words

(2) Solution time, including attitude correction (25/sec),
navigation computations, display generation, guidance
computations and executive program --

834 ms/sec |, (SaturnV)

38 ms/sec (ALER.T)
Tables 3-4 and 3-5 summarized and compared the computer requirements

for the manual and automatic (SaturnV - iterative guidance mode) guidance

schemes.
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4.3 DISPLAY REQUIREMENTS

The display requirements for implementation of the manual guidance scheme
developed during this study are presented in this subsection.

o One standard analog-driven, single-gun, CRT for each stage with
6 to 8 inches of usable area is required.

o The display format for the first stage consists of an altitude-versus-
velocity display of the nominal trajectory. The vehicle present state
and predicted state are also displayed on the CRT. Although not
essential to the manual guidance task, the pilot would also have the
vehicle pitch attitude from the conventional attitude-ball and present
time from the real-time clock.

e Thedisplay format for the second stage consists of an altitude-versus-
velocity display of the predicted trajectory beginning with the present
vehicle state and terminating with velocity cutoff conditions. This
format is updated once per second.

e Two digital voltmeters are required for presentation of predicted
terminal altitude and flight-path-angle errors. These meters are
updated once per second. The pilot also has at his disposal vehicle
attitude from the attitude ball and present time (nominal time-to-
go) from the real-time clock.

Section 3. 6 discusses the display requirements further and presents the
details of the displays used in this simulation study.

4.4 NAVIGATION REQUIREMENTS
The navigational requirements for implementation of the manual guidance scheme

developed during this study are identical with that of the Saturn-type launch vehi-
cles (Ref. 2). In Reference 2, the ST124-M inertial platform system is described.
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This system provides the integrated acceleration data, inertial reference
coordinates, and vehicle attitude measurements for guidance and control
of the Saturn space launch vehicle.
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SECTION 5
RECOMMENDATIONS FOR FUTURE WORK

5.1 FUTURE STUDIES

The following items are recommended for future study.

(1) The application of the Predictive Model Guidance Scheme (PMGS)
to other guidance phases; for example, re-entry, orbit-to-orbit,
rendezvous, mid-course and boost for vehicles with an offset
launch capability should be considered.

(2)

Human factors studies are recommended on display formats for

manual

(a)
(b)

(c)

(d)

(e)

()

guidance and control relating to:

The choice of optimal scale factors.

The optimum position of the digital readout of predicted
terminal errors with respect to the trajectory display in
the Predictive Model Guidance Scheme.

The effect on the pilot and display formats of in-flight
mission changes and equipment failures.

The effect on the pilot of inverting the axes of the display
format, i.e., from altitude versus velocity to velocity
versus altitude (is one format more desirable than the
other?).

The effect on system performance of nulling the per-
formance index rather than terminal altitude and flight-
path-angle errors.

The effect on computer requirements and pilot per-
formance of lowering the iteration rate, i.e., from
1/sec. to.5/sec.
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(3) The minimum computer and display requirements for manual control
of space booster vehicles must be determined. The present study
was concerned with the manual guidance problem.

(4) A study is recommended to combine the present results on manual
guidance with results from the study on manual control to form an
integrated manual guidance and control system for booster vehicles.

(5) A study on the data processing requirements for multi-format
cockpit hardware is timely and is strongly recommended.

5.2 FUTURE HARDWARE DEVELOPMENT

No hardware development program is needed to implement the optimal man-
ual guidance scheme described in Section 4. However, due to the advantages
of a multi-format display concept for future spacecraft, it is recommended
that a new program be initiated to continue development of a computer-driven,
completely solid-state display device such as EL.
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APPENDIX A
ROT REAL-TIME MATHEMATICAL MODEL AND DATA SUMMARY

A flight-path (wind-axis) coordinate system was used for the real-time simu-
lation of the ROT. The equatians are derived assuming a spherical, rotating
earth where the velocity (V), flight-path angle (%, and heading angle (¥) define
the system. This appendix contains an outline of the derivation of the equa-
tions as well as a summary of the equations and data used in the simulation.

The vector equation describing the point-mass motion is:

T+A+mg=m (S @ +20_ xV+o_ x(@ xT)) (A1)
where T = thrust forces

A = aerodynar.ic forces

g = gravity forces

V = vehicle's velocity with respect to the earth

Ta; = earth's rotation vector

T = radius vector to vehicle

Three coordinate systems are needed for the derivation:

(1) 1

e’ Je - earth-fixed

3

= | & |

(2) ih’ iy - local horizon

(3) L ) kw - wind axis

(i, j, k are unit vectors)

Figures Al and A2 define these coordinate systems.
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L

5

Local Horizon and Earth-Fixed Coordinate

¥ - FLIGHT PATH ANGLE

e e e — e e
'.'JL >
ke
Figure Al.
Systems
-Rh
\,1
T
W
vV - v
Y
T
NORTH
Figure A2.

Definition of Wind Axes
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The following coordinate transformations are useful:

i h c s¢s GL -s¢>ceI ie ie
jh =] o0 ceL : SGL JTe ® Ql -:]'_e
kh sS¢ -cos GL cpc GL ke ke
TW cycY -cys¥ sy "i—h —ih
Tw = | s¥ cY o] Fh = Q2 JTh
P - _
w -sc¥ sysV¥ cy kh kh

From Figure Al:

r = r‘Eh

W, =6, céi +97, +6, sk (Rotation of local horizon
system with respect to
earth - fixed system)

V=v i, = \Y (cye¥i, - cys¥j t sy k)
*c@ = cos (¢)
s¢ = sin (¢)
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Also,

-——d —i — —' ] — -._ o —_ P o
Vg =g (rky)=rk +w xrk, = rk, -T6; coj +rél, (A7)

Now equating Equations (A6) and (A7) yields:

r=h=Vsiny (A8)
2]5 =V cos ¥ cos ¥/r (A9)
Oﬁ‘ V cos ¥ sin ¥ /r cos ¢ (A10)

The rotation of the wind axis with respect to the earth fixed system from
Figure A2 is:

Wy =Pw \w tay iy, Tr Kk, Tw, "7, " Yk, | (A11)
or
Py o o -sy| o
UW = @ |[= o -1 o Y | +Q Z[,"h (A12)
r. o o -cy ¥

ew "
we = qew = Q2 Q1L 0 (A13)
reW (@)
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From Figure A3, the thrust, aerodynamic and gravity forces in the wind
axis system are:

;E =1 T - E1 &
2 =1 (caiy, -sasoj, +sa co k| (A14)
moTm wom San'Jw+mCOSO'kW (A15)
g=-g(syi +tcrk)) (A16)
where o = wind-axis bank angle.
Z' L

Local
Horizor
X
Figure A3. Force Diagram
Finally
%('\7)=VTW+BWxV=vEW+VrW'§W -vq %, (A17)
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Equations for V, y , and ¥ can now be formulated by equating the components
along the three axes from Equation (Al). The Coriolis and centrifugal accelera-

tion terms are respectively in wind axes:

-q.. k)

ZcoexV=2V(re i ow Sw

W w

and
cos¢o

— = =2
wex(wexr)—we er o)

_Cz¢

Now substituting Equations (A14) - (A19) and equating terms yields:

\'/':-B'-gsiny+¢ Cos a +wezr (c2¢ sy - cy cYcp s¢)

m m
R I T . CcoS o cos V cos
Y = m+Tn51noz) ¥ -g Vy+ 7 y+2wec¢s,"{
2r
We *

v (e¢s¢c‘1’sy+c2¢cy)

m V cos ¥ r

;Y=(-—j=‘—-+-1r%sina} sing 31 -———JCCZ?\#S + 20, ES¢.-——¢—S7/CCYY° 3

wezrs¢c_¢s b4

V cos ¥

Equations (A20) - (A22) and (A8) - (A10) now define the vehicle's three
dimensional position.. Figure A4 is a summary of the real-time coordinate

system.
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Z)
Figure A4, Real-Time Coordinate System

For completeness, all data and equations describing the simulation are
summarized below.

° First-Stage Model -

T
- COS « D .
v = _
m S 9 sm)

2 2 . .
LW, T L cos ¢ sinyy - cosY cosy cos ¢ sin @]

T .
$+J~_J1 v )
"'[mv o\ & -+ cosy

2
t 2 W COS ¢ siny +-“\’;a— Lcos @ sing cosy sinY + cos? ¢ cos7l
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¥ o= Tsin o + L sin® Y cosY siny sin¢
mV mV cosy r cos @

"8
cosY AL

9 sing -sinY cos Y
W +truw, V cosy

} 2 sing¢ cos @siny

5 = V cosy cos ¥
r

8. - V cos ¥ sini
L r cCOS ¢

r = h = Vsiny

_ 1 .
L=—5 (8C; e
cy
- 2
D=-p V2 S[CDO +KCL oz]
cy
a = 08 -v

m= —Bl
T = Clﬁl
‘ro 9
g7 &\ v
-h/\
o= oy
M= V/a
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o Second-Stage Model - Some of the equations are modified somewhat

for the second stage because aerodynamics are neglected. The modified
eqguations are:

T

V. = T cos 6Y cosa-gsiny

+ wez r [cos2 ¢ sinY - sin¢ cos ¢ cosy cos?]

. T .
Y :msina coséY- [_\g’_ —%] cosy+2we cos ¢ siny
w2
+ '\9/_1“ [cos ¢ sin ¢ cos y siny + cos? 8 cos Yl
Tsi
b sin & Veosy Gin ¥ sin o
v mV cos Y r cos ¢ Y sin
wzr
9, |SiN@® -siny cosy cosd | . e cos ¢ sin ¢ siny
N e cosy \Y cos Y
- vk, ¥
Oy = KY Y, + K¢ I
m = -8,
T = CyB,

The following constants were used:

C1 8417 ft/sec

By 216 slugs/sec

Q
I

9 14490 ft/sec
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By = 21.95 slugs/sec

m = 47124 slugs

m, = 9107.8 slugs

S = 5083 ft

0, = 0. 002388 slugs/ft3
N = 23,600 ft

g, = 32. 17 ft/sec

r = 20.926 x 106 ft

o

K, = 0.001 deg/ft

KY = 0. 1deg/fps

wg = 0.7291 x 107% rad/sec
K = 1.0rad-’

The aerodynamic coefficients CL and Cp_are functions of the Mach
O

number M and are given in Figure A5. Speed of sound and atmospheric
density are presented in Figure A6.
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Figure A5. Aerodynamic Coefficients
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APPENDIX B
TAP-LIGHT BOX DESCRIPTION

A tap-light box is used to measure operator work load on some primary

task such as guidance and control of a space vehicle. The device consists

of a panel of 16 tap lights (see Figure 3-7). One of these lights is

always lighted. The operator depresses the lighted button (microswitch)

and releases. This action activates a stepper switch which turns a new

light on. Figure B1 shows the circuit for this device. Lights were connected

to the 26 positions of the stepper switch so that the sequence of lights
repeated every 26 switchings.
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SW1 - Sw16

Oo—————0 /|

f

1 5.5 L1-L16

(o]
+28 VDC

SS STEPPER SWITCH, 26 POSITION 2 LEVEL
L1-1L16 PUSH BUTTON LIGHTS
SW1 - SW16 MICROSWITCH 52PBS 4T2

Figure Bl. Work-Load Box Circuit
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APPENDIX C
BIT BOX DESCRIPTION

A "bit box" is used to measure operator work load on some primary task such
as guidance or control of a space vehicle. Figure C1 is a block diagram showing
the input-output relations of the bit box, the position of the subject, and the
operator in the loop. The output from the box is a two-digit presentation of

64 different combinations of numerals 0 through 9 (excluding 7) displayed by

two Nixie tubes. The subject calls out the displayed number, this vocal output
activates the bit box, and a new number is displayed. With 64 numbers, each
equally likely, the bit box has an information content of 6 bits. The operator

has a separate display of the numbers, and his function is to monitor the
subject's response.

OPERATOR
OPERATOR CONTROLS
PB-ll PB-21PB-31 } PB-4
VOICE
INPUT NIXIE LIGHT
BIT BOX
OUTPUT
SUBJECT

N

Figure C1. Bit Box Block Diagram
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The circuit diagrams for the bit box are shown in Figures C2, C3and C4. A
26-position, 8-level stepper switch and two Nixie tubes are the main components
of the box. If a separate displayis used forthe operator and subject, four
Nixie tubes are required. Figure C5 shows the wiring of the stepper switch.
Note that the right-hand Nixie tube is controlled by levels 3, 4, and 5 of the
stepper switch, and the left-hand Nixie tube is controlled by levels 6, 7, and
8 of the stepper switch. Each level has 26 positions, and the 26th position

of level 1is used to generate a pulse to activate a ring counter (see Figure
C3) which transfers the stepper switch to a new level, The following are
examples of the stepper switch wiring: levels 3 and 6 at position 1 represent
digits 1, 9; levels 7 and 4 at position 18 represent digits 8, 8 and levels 8
and 5 at position 9 represent digits 2, 6.

Figure C2 shows the voice-activated delay circuit. A small time delay is
required between the voice input and stepper switch output to prevent the
subject from ""answering" too quickly and in this way prevents the subject
from upsetting the bit box. The 80-,f capacitor (top of Figure C2) controls
the duration of this time delay, All relays are shown in the de-energized
state.

In Figure C3 a number of operator and subject controls are shown. The
function of these push buttons are as follows:

o) Level Reset Push Button PB-1 -- Depressing PB-1 stops the
sequence of 64 numbers and switches the stepper switch back
to levels 6 and 3 while maintaining position.

o) Homing Push Button PB-2 -~ This controls only the stepper switch
assembly. [If held down, the stepper switch steps through all
levels, stopping on levels 6 and 3 at position 1.

12513-FR3-1



_C3_

JINOJTD AR[A(Q POIBATIOY-90T0A °zD 9aNBIJ

ALIAILISNIS
mS y?

BOwa

AOLT +

sk

L1y SINI

ESTY

oG 1Y

(3NN
YILLINSNVYL

12513-FR3-1

-

j S

43IM0d VIMS AOLT
—e o
1snrav e
AV13a it mlgg0ce !
x$ 4 g I
Vo aIms | 282

08¢+



weISeI(] }INOITD Xog 31g

1O ONIZI9YINI-30 NO
SIONVAQY HOLIMS ¥3dd3LS 310N

‘€D 2and1yg

WvdIvIaQ L1N2d1D X048 118,

WO LLNG HSNd ONIWOH
¢-dd

...o.._M| e o TT 6
T—1

(HI1IMS

¥3dd3LS NO) vem | <y - T 8
FONVAQGY TVANVW = 43Ldnudain ]
9.7y vz > .. -— g
1 0z
109 mYc d
Vi HOLIMS _ 96023 .I.L r
£-9d mu&m;m/ ) w ,

IR cpon

i 0001

#\.+ vI1Y Idlml e 14

mo¢

0ot Moog

-

43dd31S NO
JONVAQVY °'NSOd 92

(€) GHINI

11

mvoz_% J
JONVAQY - s . — — 9

>ml TVNNYIN NOILISOd T4
€ | 2w Y mnm . - ¢
—qq JONVAQY TVANYIW
5 NOILISOd
[}
-1 T q93am
¥3LNNOD INIY 62 T xw%%%m
"NSO®
-84 _ _ 92 NOILISOd ¥32d3LS

m_ HH mose
13534 13AT + 82+

990¢

12513-FR3-1

g



J9j0 D Suty ‘D oam.wrm .

2y

wH.o.ﬁl.axo.m

ma.oH

i oGz Wﬂ 3¢ T

_ 1-8d
A8+ A

0oe

CeTINC - dNd

L69NC - NdN

SYONT - S3dola
¥ 8900°0

P o 6¢-T *NSOd

T °ON 713A37

A

8'9

zzo L

—0 T 0N 13A31
9Z "ON°S°S 01

12513-FR3-1

—



- C6 -

aouanbag uorjeluLSaId IYSTT SIXIN

‘gD Sandryg

618 19]9]s |9 5 ¢ [o]v]s]s PRELER
6 |z le |v |1 |2 v g8 |9ls|e6lg CRELER
WOH v9 €9 19 65 LS 56 €5 15 ¥3IIWNN
92 vz 2z bz 8T 91 b1 A o1 b AR NOILISOd
9 {slolvlole |efls|tlv]|slvlz e v ]|s]|- 6 b | £1 8¢ (6 ¥ 13IATT
Tlzl6e |{v]|8ls |sls(olc|tlzl|e |v(8]9 8 T lzlelcls L3ATT
"~ Tos [ev |8b 9 v 2y o 8¢ 9¢ ve ¢ o | 62 12| 9z ¥IGWNN
sz | ve ze oz 81 91 b1 2t o1 b z it NOILISOd
T|e|v|t1|cle |z|T1|6|v [8(8l6l6 [T 2] £ 6 HEEERERD GRETER!
g8l 6|9lslelt |[2]lpvigoije6 Si9|v g {€ | 1] b4 T|vis]€t 9 T13ATT
i Ge ce 1¢ 6T LT ST €1 1T £ L S € 1 T
92 vz 2z 0z 81 91 T 2T 01 vlelelt NOILISOd
SOWYT 1437 W04 23 ‘2 ‘912 &n

X089 INIDV4

SANVYT LHOR ¥04 ¥V ‘g ‘b ‘€ 13IATT

12513-FR3-1

-y



(0]

_C7_

Manual Advance Push Button PB-3 -~ This push button controls
the advance of the stepper switch. Pressing down and releasing
effects a one position advance on the stepper switch,

Position Manual Advance Button PB-4 -~ This switch controls the

stepper switch level (through the ring counter) while maintaining
the stepper switch position, For example, if the stepper switch
is on levels 6 and 3 at position 14, then pressing PB-4 advances
the stepper switch to levels 7 and 4 at position 14 (see Figure C5).

Figure C4is a circuit diagram of the ring counter, which switches
levels on the stepper switch on receiving a pulse from position

26 of level 1. If the stepper. switch is on levels 8 and 5 at position
14 (i,e,, after atotal of 64 numbers), the switch homes to position
1on 6, 3.
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